Abstract Nano-composites (Mn2O3, Mn2O3/graphene oxides (GO)) were prepared by a new method. The nano-composites were characterized by XRD and HRTEM. The catalytic performance of the nano-composites on the thermal decomposition of ammonium nitrate(V) (AN) was investigated by TG-DSC and TG-MS. The reaction of AN with the nano-composites in the condensed phase was investigated by RSFTIR. The results of TG-DSC experiments indicated that the nano-composites significantly catalyze the thermal decomposition of AN, especial Mn2O3/GO. The exothermic reaction of AN with Mn2O3/GO commenced at about 185 °C. Based on the TG-MS results, it was ascribed to N2O formation. In the RSFTIR experiments, the dissociation reaction and ionization reaction of AN were both detected. NOx formation at low temperature was also found. NH2 was directly oxidized by HNO3/NO3
Introduction
Ammonium nitrate(V) (AN) is widely applied as a fertilizer and is a component in a variety of energetic compositions, especial in industrial explosives. AN is also used as an oxidizer in propellant formulations for the reduction in the use of
Synthesis and characterization of the nano-catalyst

Synthesis of Mn 2 O 3 nano-catalyst by a new method
Nano Mn 2 O 3 was synthesized by a new method. This method afforded nanoparticles more readily than the auto-combustion method. The method did not need a dehydration stage. A low calcination temperature, accurate measurement and auto-combustion properties made this method easier for the synthesis of the nano-oxide. The procedure for generating nano-particles has two steps: (1) preparation of an emulsion; (2) calcination of the emulsion in a furnace. The formation of the emulsion was as follows: water : AN : Mn(NO 3 ) 2 solution : SMO : diesel oil = 16 : 38 : 40 : 1.5 : 4.5
(1) Preparation of the emulsion Two steps were involved in the emulsion preparation. Firstly, the oxidizer solution and the oil phase were prepared. The ingredients of the oxidizer solution, which included water, AN and Mn(NO 3 ) 2 solution, were mixed in a large stainless steel beaker. After dissolution, the oxidizer solution was maintained at a temperature of approximately 80 °C. The oil phase, which included SMO and diesel oil, was poured into the mixer bowl and the temperature was maintained at 60 °C. After the oxidizer solution and oil phase had been prepared, mixing was commenced at a speed of ca 200 rpm. In the second step, the hot oxidizer solution was poured slowly into the bowl. After the addition, the speed of mixing was accelerated (to ca 1200 rpm) and continued for a few seconds to achieve the final refinement.
(2) Calcination of the emulsion in a furnace
The emulsion sample was then calcined in a furnace at 600 °C. After 2 h heating, the solid Mn 2 O 3 nano-particles were collected. The solid was washed with ethanol and then used for further experiments. The nano-particles were characterized by XRD and HRTEM.
Synthesis of the Mn 2 O 3 /GO nano-catalyst and sample preparation
The Mn 2 O 3 /GO nano-composite was synthesized in the following procedure. GO powder (100 mg) and n-butylamine (5 mL) were dispersed in water (100 mL) by sonication, forming a stable graphene oxide colloid. After 1 h, a dispersion of Mn 2 O 3 (200 mg) sonicated in water (100 mL) and ethylenediamine (5 mL) was added to the graphene oxide colloid solution. Subsequently, the mixture was heated at 60 °C with magnetic stirring for 6 h. Bulk samples can be obtained by centrifugation of the mixture, and then washed several times with deionized water and ethanol. The Mn 2 O 3 /GO nano-composite was obtained after the precipitate had been dried at 60 °C under vacuum for 12 h.
For the studies on the catalytic activity of AN thermal decomposition, Mn 2 O 3 and Mn 2 O 3 /GO nano-catalyst were each mixed separately with AN in the weight ratio 98:2 wt.% by blending with a mechanical stirrer. The samples were named as follow:
1# 2% Mn 2 O 3 + AN; 2# 2% Mn 2 O 3 /GO + AN.
XRD and HRTEM analysis
The powder X-ray diffraction (XRD) analyses of the samples were carried out with a Bruker D8 Super Speed apparatus operating with Cu Kα radiation. High-resolution transmission electron microscopy (HRTEM) was carried out by means of a field emission electron microscope, Tecnai G2 F30 S-TWIN, operating at 300 kV.
Thermal decomposition of AN samples
Thermal decomposition experiments of the samples were carried out in a nitrogen atmosphere with a NETZSCH STA449C instrument. The sample (10 mg) was loaded into a closed ceramic crucible with a pinhole in the cap. Nitrogen, at a flow rate of 20 mL/min, was used as the purge gas. Non-isothermal curves were recorded at heating rates of 2.5 K/min, 5, K/min 10 K/min and 20 K/min. The samples were heated from room temperature to 400 °C.
RSFTIR experiments
RSFTIR measurements were conducted using a Nicolet Model NEXUS 870 FT-IR Instrument and an in situ thermolysis cell (Xiamen University, China)
Copyright © 2017 Institute of Industrial Organic Chemistry, Poland in the temperature range 20-500 °C. Argon at a flow rate of 10 mL/min was used as the purge gas. The heating rate was selected as 10 K/min. KBr pellet samples were used, by thoroughly mixing about 1.5 mg samples and 120 mg KBr. Infrared spectra in the range 4000-500 cm −1 were obtained using a model DTGS detector at a rate of 15 files/min and 10 scans/file, with 5 cm −1 resolution.
TG-MS experiments
The TG-MS tests were performed with a TG-DSC (NETZSCH STA449C) system and MS (NETZSCHQMS403C) system. The NETZSCH-QMS403C conditions were: ionizing electron energy 70 eV, quartz capillary gas connector, pressure injection 1,000 mbar. Approximately 2 mg samples were heated from room temperature to 360 °C. The heating rate was 10 K/min, and the samples were held in Al 2 O 3 crucibles. High-purity nitrogen was used as the purge gas, with a gas flow rate of 20 mL/min.
Diffuse reflectance infrared transformation spectroscopy (DRIFT) experiments
FTIR spectra were acquired using an in situ DRIFT cell equipped with a gas flow system. The DRIFT measurements were performed with a Nicolet IS (IZ) 10 FTIR spectrometer, at 4 cm −1 resolution. The range of the spectra was 650-4000 cm −1 . In the DRIFT cell, the catalyst was pre-treated at 573 K in an N 2 environment for 1 h, and then cooled to room temperature. The background spectrum was recorded with N 2 flowing and was subtracted from the sample spectrum. The flow rate of NH 3 was 20 mL/min. The experimental temperature range was 110-200 °C.
Decomposition kinetics analysis
There are many methods available for calculating kinetic data. The Kissinger method has been applied widely to determine kinetic data due to its ease of use. However, accurate E values require G(α) to be independent of the heating rate. Another important fault is that this method produces only a single activation energy value. However the actual reaction process is very complex. Hence, the activation energy in this paper was calculated by iso-conversional methods that utilize TG data at different heating rates. The heating rates were 2.5 K/min, 5 K/min, 10 K/min and 20 K/min. The activation energy of the AN thermal decomposition, with and without nano-particles, can be determined using the Ozawa method [26] . The model used a correlation of the heating rate of the samples, activation energy and inverse temperature. The equation was as follows:
where β is the heating rate (K/min), A is pre-exponential factor, E is the activation energy, R is the universal gas constant, and G(α) is the mechanism function. The slope of the linear plot of lg β against the inverse temperature was used to obtain the activation energy for each conversion step.
Results and Discussion
Characteristics of the nano-catalysts
The nano-composites were initially characterized by XRD and HRTEM. 
The influence on the thermal decomposition of AN with catalysts
The performances of Mn 2 O 3 and Mn 2 O 3 /GO composite on the thermal decomposition of AN were investigated by TG-DSC. The results are presented in Figure 3 . The Refs. [17, 18] have found that GO has little influence on the thermal decomposition of ammonium perchorate, even at a high temperature (400 °C). Hence GO itself was not reinvestigated for catalyzing the thermal decomposition of AN, for a decomposition temperature of about 300 °C. The TG curves of Figure 3 show that Mn 2 O 3 /GO catalyzed significantly AN thermal decomposition. At a very low temperature (about 190 °C) there was a notable mass loss, which means the reaction was violent. Mn 2 O 3 also can catalyze AN thermal decomposition, but not markedly. The DSC curves of Figure 3 revealed that the samples reacted in two stages. Prior to 170 °C, an endothermic peak appeared for the phase transition of AN. Above 170 °C, an endothermic peak indicates thermal decomposition of AN. Surprisingly, a marked exothermic reaction of 2# was observed first. The exothermic peak appeared at about 190 °C. It is very interesting that the exothermic reaction was observed first and that the reaction was at a very low temperature. No paper has reported an exothermic phenomenon for AN thermal decomposition with a catalyst at about 190 °C. In this temperature region, it is well known that the endothermic reaction of AN dominates [1, 2] . The exothermic phenomenon means that at this temperature the reaction path is changed when Mn 2 O 3 /GO is added to AN. At the same time, as can be seen from Figure 3 , it was found that the decomposition temperature of AN with additives is shifted to a markedly lower temperature. In order to analyze how the additives influence the AN thermal decomposition, the decomposition temperatures of the samples at different mass losses are listed in Figure 4 . In order to analyze the catalysis by Mn 2 O 3 and Mn 2 O 3 /GO on AN thermal decomposition, the activation energy was calculated using the Ozawa method. The results are listed in Figure 5 . In the present study, the mean activation energy of pure AN was about 129 kJ/mol, which is in good agreement with the previously reported value, while the activation energy of AN with Mn 2 O 3 and Mn 2 O 3 /GO was 119 kJ/mol and 114 kJ/mol, respectively. Hence, the activation energy of AN with additives was significantly decreased. In our previous work [27] [28] [29] [30] , we also found that active material catalyzed AN decomposition, but the differences in the absolute activation energy values were not large. From the combined Figures 3, 4 and 5, the reaction kinetics process of AN with additives was perhaps changed. Hence, we can confirm that the additives significantly catalyze AN thermal decomposition, especially Mn 2 O 3 /GO. However, the TG-DSC curves cannot provide adequate information about the reaction process, especially about the exothermic reaction of AN with 
Evolved gas analysis
In order to analyze the decomposition mechanism of AN with additives in the gas phase, real-time mass spectral analysis of the evolved gases was performed. The . We have demonstrated the presence of HNO 3 in the products of AN thermal decomposition in previous work [28, 29] . It was not detected in this work. For the dissociation reaction of AN even at low temperatures [31] , the species (m/z = 17) at low temperature appeared, and was ascribed to NH 3 . From Figures  6, 7 and 8 , the curve changes show the presence of NH 3 . The ammonia can then further decompose, but needs a higher temperature [32, 33] . In the reaction process, NO 2 (m/z = 46) was also detected. The species (m/z = 44) was perhaps N 2 O. Certainly water was formed in the reaction process.
The exothermic peak for AN with Mn 2 O 3 /GO appeared at 195 °C in the DSC result. In Figure 8 , notable changes in the ion current curves for H 2 O, NH 3 and N 2 O were observed at about 187 °C. However, the pure AN and AN with Mn 2 O 3 systems exhibited no change at this temperature. Hence, Mn 2 O 3 /GO significantly catalyzed AN thermal decomposition. We can confirm that GO played an important role in this, in which it inhibited aggregation of the nano-composite. Figure 8 , it may be observed that N 2 O was formed at a very low temperature of about 185 °C. According to the TG-DSC and TG-MS results, it was confirmed that at about 185 °C, the exothermic reaction of AN with Mn 2 O 3 /GO appeared and the mass loss was accelerated. At the same time, a large amount of gas was generated. This was not observed with pure AN and AN with Mn 2 O 3 . In other ranges of temperature, the reaction was endothermic. In Ref. [34] it was thought that N 2 O is formed when NH 3 reacts with NOx at less than 200 °C. According to the results in Ref. [35] , NO 2 must be present to form N 2 O. However, under the present conditions, NO 2 was very difficult to observe when the temperature was below 200 °C. The only oxidizing gas was HNO 3 , and it too can be found at very low temperatures [28, 29, 36] . However, the exothermic reaction occurred at 185 °C? 
RSFTIR experiments
In order to analyze the AN reaction in the condensed phase, RSFTIR experiments were carried out. The typical results for AN are shown in Figure 9 . The FTIR characteristics of AN have been extensive studied [37, 38] . According to the FTIR of AN, the main characteristic peaks are for NH 4 + and NO 3
−
. The peak at 3137 cm −1 was assigned to the NH 4 + asymmetric stretching vibration. The peak at 1381 cm −1 was assigned to the NO 3 − asymmetric stretching, and that at 1047 cm −1 was assigned to NO 3 − totally symmetric stretching. The peak at 826 cm −1 was assigned to NO 3 − out-of-plane deformation, and that at 705 cm
was assigned to NO 3 − in plane deformation. As the temperature increased, the vibration of NH 4 + became weaker. This means that the AN dissociation reaction occurred and NH 3 was generated. However, the vibration of NH 4 + was still present. The NO 3 − vibration was still very strong even at 250 °C with pure AN. This means that even at 250 °C, NH 4 + and NO 3 − still appeared in pure AN. The results also support the results from reference [39] . We also found same results in our previous work [40] . However, at the elevated temperature, the primary products from AN decomposition also reacted among themselves. The peak at 1095 cm −1 , assigned to an N=O vibration, was perhaps ascribed to NOx [41] . Furthermore the peak at 1577 cm −1 was assigned to an NH 3 vibration. According to the RSFTIR experimental results for pure AN, we can see that the dissociation reaction and the ionization reaction are all present. RSFTIR experiments of AN with additives were also carried out. In order to explore the differences between the samples, the notable results of the samples are listed in Figures 10 and 11 . In Figures 10 and 11 , the peak at 2360 cm observed according to the DSC curve, but the RSFTIR experiment showed a clear difference at 200 °C. The peak at 1095 cm −1 was found in the 1# and 2# samples, but the 2# was violent. However, pure AN exhibited no similar reaction at this temperature. This means that Mn 2 O 3 and Mn 2 O 3 /GO can catalyze the thermal decomposition of AN to a remarkable degree. When GO acted as a supporter to prevent Mn 2 O 3 aggregation, the catalytic activity of Mn 2 O 3 /GO was notably increased. The same results were also found at 250 °C. In Figure 11 , the NO 3 − and NH 4 + vibrations were very weak in sample 2#, but still very strong in pure AN and sample 1#. This means that the reaction in AN with Mn 2 O 3 /GO was more violent than the other samples in the condensed phase. The RSFTIR results were coherent with the TG-DSC and TG-MS results. The RSFTIR experiments provided adequate information about the AN reaction in the condensed phase. These results indicated that Mn 2 O 3 /GO has excellent catalytic activity for AN thermal decomposition at low temperatures. We can also confirm that the NH 3 can be oxidized by HNO 3 /NO 3 − . However, we cannot at present confirm that the oxidizer is HNO 3 or NO 3 − or HNO 3 /NO 3
. The reactivity of HNO 3 is stronger than NO 3 − . We still cannot explain why the exothermic reaction was disappeared.
Catalytic mechanism of the thermal decomposition of AN catalyzed by the nano-composites
Thermal decomposition of AN has been researched widely [1] [2] [3] . Many researchers have proposed a thermal decomposition mechanism. Oxley's proposed ionic and radical reaction mechanisms were widely accepted [42, 43] . GO has a large surface area, thus when ammonia and HNO 3 (g) emerge, they can be absorbed onto the nano-material surface. Certainly, the surface of particles of AN also absorb ammonia and HNO 3 (g) at low temperature. Many researchers have reported on the interaction of NH 3 and Mn 2 O 3 by SCR. The interaction between NH 3 and Mn 2 O 3 was studied by DRIFT. The results are listed in Figure 12 . A difference was observed in the 3650 cm −1 and 1480 cm
absorptions, which was ascribed to NH 3 in different locations. Hence, we can confirm that the interaction happened at very low temperatures. The reaction was performed and NH 2 was formed [44] [45] [46] [47] . If NH 2 is formed, the curve of the ion current would change. The results of the ion current curve for NH 2 are shown in Figure 13 . This demonstrated that a marked difference was observed at about 185 °C. NH 2 was generated from the AN with Mn 2 O 3 /GO sample at about 185 °C, but then disappeared. NH 2 can be oxidized easily by oxidizing materials. We found the same tendency with the N 2 O ion current curve. The N 2 O was generated at about 185 °C, but later also disappeared. The ion current curve for NO 2 exhibited little change. Hence, the Ref. [35] result is wrong for the present conditions. On the other hand, it is generally accepted that, under low temperature selective catalytic reduction reaction conditions, N 2 O is formed via the decomposition of AN, as an intermediate formed on the catalyst when ammonia reacts with the surface nitrate groups [48] [49] [50] . Ref. [51] also proposed that three N-H bonds must be cleaved by the surface oxygen species of the manganese oxides to form N 2 O. Hence, NH 2 was readily oxidized. Ref. [47] thought that both the Eley-Rideal mechanism and the Langmuir-Hinshelwood mechanism contributed to N 2 O formation. We think that the Eley-Rideal mechanism is suitable for explaining the reactions in this paper [52, 53] From Figure 14 , we find that N 2 O is formed and destroyed, most notably at about 200 °C. However, why is this species destroyed?
There was a need to understand the characteristics of nano-composites, especially GO. As is well known, GO sheets are covered with epoxy and hydroxyl groups, while carboxyl and carbonyl groups are located at the edges. These functional groups, acting as anchor sites, enable species to become attached on the surfaces and edges of GO sheets in nano-composites by hydrog-bonding. Hence, it was necessary to investigate the thermal stability of GO. The results are listed in Figure 15 . We found that GO exhibited an exothermic peak at about 180 °C. This can be attributed to the decomposition of the labile functional groups, according to the DSC curve [17] . Many other researchers have also found the same results [54] [55] [56] . In other words, when the temperature exceeds 200 °C, the functional groups of GO can be destroyed. The nano Mn 2 O 3 that is supported on the GO sheets via inter-molecular hydrogen-bonding or covalent coordination bonding would become detached from the GO [57] . This means that the interaction between Mn 2 O 3 and GO is very weak and is easily destroyed. Hence, when the temperature exceeds 200 °C, the functional groups of GO are destroyed stepwise and the interactions between Mn 2 O 3 and GO are also weakened. On the other hand, an exothermic reaction was observed in the decomposition of pure GO. However, when 2% GO was added to AN, the amount of heat released by GO cannot compensate the huge endothermic reaction of AN. Figure 15 shows the Copyright © 2017 Institute of Industrial Organic Chemistry, Poland result of AN with GO. Hence, we can conclude that the exothermic reaction of the AN mixture was caused by Mn 2 O 3 /GO, not GO. For the huge endothermic reaction of AN dissociation, the exothermic reaction of GO has little effect on the AN decomposition. In other words, the interaction between GO and AN can be ignored. But it has a notable influence on Mn 2 O 3 aggregation. Hence, this is a very important factor in AN thermal decomposition, which was perhaps a key reason why the exothermic reaction of the AN mixture disappeared. The important question was how the exothermic reaction occurs and why it disappears. Based on the above analysis, we think an important factor is HNO 3 (g). As is well known, acids significantly catalyze AN decomposition [58] . The dissociation reaction of AN occurs at very low temperatures, even below the melting point of AN [36] . When GO is present, ammonia and HNO 3 (g) are adsorbed onto the GO and AN particles. When NH 3 reacted with the Mn 2 O 3 to form NH 2 , excess HNO 3 (g) accumulated on the surface of the GO and AN particles. Hence, the AN catalytic reaction, catalyzed by HNO 3 , occurred at very low temperatures. The reaction caused a marked exothermic reaction [57] . However, with increased temperature, the HNO 3 (g) would escape from the AN particles and AN would become liquefied, and the GO would be destroyed under the present experimental conditions. The reaction would be disappeared. Hence, HNO 3 is a very important factor for AN thermal decomposition in this study. Figure 15 . DSC curves of GO with and without AN According to the above experimental results, we can summarize the mechanism of AN thermal decomposition with additives. AN starts to dissociate at very low temperature. NH 3 is adsorbed on the GO surface, and reacts with Mn 2 O 3 to form NH 2 . NH 2 is then oxidized by HNO 3 or NO 3 − to form N 2 O. An exothermic reaction was observed in the DSC curve. However, at this temperature, the functional groups of GO are destroyed stepwise. The weak interaction between GO and Mn 2 O 3 is destroyed. Hence the process of NH 2 generation is destroyed. Mn 2 O 3 can still catalyze AN thermal decomposition, but the reaction rate is decreased. Moreover, HNO 3 absorbed on the surface of the AN particles, catalyzes AN thermal decomposition, and causes the exothermic reaction to occur. With HNO 3 escaping and AN liquifying, the exothermic reaction ceases. Hence, the destruction of the functional groups on GO and HNO 3 catalysis are key factors for the exothermic reaction of AN at very low temperatures. A schematic of the probable reaction mechanism of AN with Mn 2 O 3 /GO is shown in Figure 16 
Conclusions
In this paper, Mn 2 O 3 and Mn 2 O 3 /GO nano-composites were successfully obtained by a new emulsion combustion method and they exhibited a marked catalytic effect on the thermal decomposition of AN. The nano-composites were characterized by XRD and HRTEM. The peak temperature and activation energy of AN with additives were markedly decreased, especially with Mn 2 O 3 /GO. An exothermic reaction phenomenon was first observed in the thermal decomposition of AN with Mn 2 O 3/ GO, at about 185 °C. According to the TG-MS results, this was ascribed to N 2 O formation. We thought this was formed by a HNO 3 /NO 3 − and NH 2 reaction at low temperature. In the RSFTIR experiments, the dissociation reaction and ionization reaction were all detected. We also found that at elevated temperatures, the functional groups of GO were destroyed stepwise, which destroyed the interaction between Mn 2 O 3 and GO. We think that the fundamental reason for the exothermic reaction being eliminated was HNO 3 (g). HNO 3 catalyzes AN thermal decomposition with a marked exothermic reaction. The reason for the exothermic reaction being eliminated was also analyzed.
